The mechanisms driving the chemical complementarity between depleted MORB mantle (DMM) and continental crust (with an average 'andesitic' composition) remain unclear. By investigating Archean komatiites, and modern enriched (E) and normal (N) MORB samples, we demonstrate that partial melting of the mantle does not fractionate Ti isotopes, whereas intracrustal differentiation causes significant Ti isotopic fractionation between melts and minerals, specifically Fe-Ti oxides. Thus, Ti isotope ratios are tracers of these two magmatic regimes. N-MORB and late Archean (2.9-2.7 Ga) komatiites are depleted in the heavier Ti isotopes compared to E-MORB and middle Archean (3.5-3.3 Ga) komatiites. We show that the depletion in the heavier Ti isotopes of the DMM is due to mantle recycling of the isotopically light residues from the generation of felsic continental crust over 3.5-2.7 Ga. This process must have reached a steady state by ≈ 2.5 Ga, based on the uniform Ti isotopic composition of contemporary N-MORBs and late Archean komatiites. This change is likely due to a decrease in the mantle potential temperature related to the emergence of plate tectonics.
Introduction
The Earth's mantle is chemically and isotopically heterogeneous (Allègre, 1982; Zindler and Hart, 1986) . Multiple mantle end members, inferred from the radiogenic isotopic compositions (Pb-Pb, Sm-Nd and Rb-Sr) of oceanic basalts, have been defined to describe these heterogeneities (Zindler and Hart, 1986) . In particular, the depleted MORB mantle (DMM), i.e. the inferred source of the modern normal-type mid-ocean ridge basalts (N-MORB), is characterised by a significant depletion in the incompatible trace elements (Workman and Hart, 2005) , and is to a first order compositionally complementary to the continental crust (Hofmann, 1988) . Thus, the DMM has been interpreted as a residual mantle that was homogenised after the extraction of a component similar to the present day continental crust (Hofmann, 1988; McCulloch and Bennett, 1994; Workman and Hart, 2005) . However, since the continental crust is too silicic to have been derived from a one-step partial melting of upper mantle peridotites, the origin of its complementarity with the DMM is still unclear. Intracrustal magmatic differentiation and removal of the mafic/ultramafic complement are required to drive the bulk continental crust to andesitic compositions (Rudnick, 1995; Walter, 2003) .
In order to evaluate the relationship between DMM and the continental crust, quantification of the processes causing the depletions in the incompatible trace element budget of DMM must be understood. Titanium stable isotopes are well suited to discriminate between mantle and crustal melting because they do not appear to fractionate during partial melting of the mantle, whereas they tend to become enriched in the heavier isotopes during magmatic differentiation in the crust (Millet et al., 2016; Greber et al., 2017a,b) .
Based on the enrichments of the radiogenic Nd and Hf isotopes in N-MORB samples (Vervoort et al., 1996; Vervoort and Blichert-Toft, 1999) , the DMM should acquire its high Sm/ Nd and Lu/Hf ratios during the late Archean. Archean komatiites are produced by high degree partial melting (25-40 %) of the mantle, and erupt at temperatures >1750 K (Arndt, 2003) . These characteristics mitigate chemical and isotopic fractionations during partial melting of their sources, and therefore are sensitive records of the spatio-thermal evolution of the composition of Earth's mantle over their eruptive history (Walter, 2003; Puchtel et al., 2009; Sossi et al., 2016) . In contrast with Archean komatiites, MORB samples are derived from lower degrees of partial melting (5-15 %) of the modern upper mantle (Asimow and Langmuir, 2003; Workman and Hart, 2005) , and are subdivided based on their concentration in incompatible elements from light rare earth element depleted (N-MORB) to enriched (E-MORB) (Workman and Hart, 2005) .
Here we present a high precision Ti isotopic study of Archean komatiites, and N-MORB and E-MORB. The comparison of the Ti isotopic composition of MORBs with that of Archean komatiites is used to confirm isotopic effects by partial melting of the mantle, and further trace Ti isotopic variations in the mantle since the Archean. (Tables S-1 and S-2). On average, N-MORB samples are isotopically lighter (δ 49 Ti = +0.001 ± 0.008 ‰; 2 se, n = 5) than E-MORB samples (δ 49 Ti = +0.035 ± 0.007 ‰; 2 se, n = 5). Similarly, among Archean komatiites, the late Archean (2.9-2.7 Ga) ones, which are depleted in incompatible trace elements, have a lower average δ 49 Ti value (+0.003 ± 0.013 ‰, 2 se, n = 5) than the middle Archean (3.5-3.3 Ga) ones (δ 49 Ti = +0.038 ± 0.018 ‰; 2 se, n = 4), which have primitive mantle-like trace element abundances (Fig. 1) . The Ti isotopic composition of the middle Archean komatiites overlaps with the average composition of the 12 chondrite groups (δ 49 Ti = +0.070 ± 0.054 ‰, 2 sd, n = 12; Deng et al., 2018) but is lower than that of the continental crust as inferred from shale data (δ 49 Ti = +0.181 ± 0.015 ‰, 2 se, n = 78; Greber et al., 2017b) (Fig.  2 ). These observations imply the presence of either Ti isotopic heterogeneities in the mantle or Ti isotopic fractionations during partial melting and fractional crystallisation, or both. Deng et al. (2018) and the continental crust value inferred from shale data from Greber et al. (2017b) .
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Komatiites. Two arguments demonstrate that Archean komatiites have inherited the Ti isotopic compositions of their mantle sources. (i) Komatiites were produced by high degree partial melting (25-40 %) at mantle potential temperature >2000 K (Arndt, 2003; Sossi et al., 2016) , which minimises potential Ti isotopic fractionation between komatiitic liquids and their sources. (ii) The fractional crystallisation of olivine at low pressure does not produce significant Ti isotopic fractionation in the residual melts, because Ti is incompatible in olivine . Thus, the change of Ti isotopic composition of komatiites with time reflects a secular depletion in the heavier Ti isotopes of the mantle during the mid-late Archean (Fig. 2) . The timing of this change in the Ti isotopic composition of the mantle matches the formation age of the DMM inferred from the Sm-Nd and Lu-Hf isotope compositions of juvenile crustal rocks of various ages (Vervoort et al., 1996; Vervoort and Blichert-Toft, 1999 ). In addition, late Archean komatiites have a trace element inventory similar to that of the DMM (Workman and Hart, 2005; Sossi et al., 2016) , e.g., (La/Sm) N values of 0.37-0.78 where the subscript 'N' denotes normalisation to the primitive mantle (McDonough and Sun 1995) . Thus, the late Archean komatiites have likely sampled a mantle reservoir that has experienced melt extraction, potentially causing its Ti isotopic composition to trend towards that of the contemporary DMM.
Lack of Resolvable Ti Isotopic Fractionation during the Genesis of MORB Melts.
Differentiated magmas tend to be enriched in the heavier Ti isotopes as a result of the preferential incorporation of the lighter Ti isotopes into the VI-fold sites of Fe-Ti oxides, relative to the lower-coordinated ones (more IV-and V-fold) of the silicate melts (Millet et al., 2016) . Following a similar rationale, Ti isotopes may be also fractionated during the generation of MORB melts or their subsequent differentiation. However, the magnitude of this isotopic fractionation cannot be assessed precisely from previous data or from theoretical considerations: additional experimental or theoretical work would be required to quantify these effects precisely. In the following, we estimate the magnitude of this fractionation from the present δ 49 Ti data from the MORB and komatiite samples.
Assuming a Rayleigh distillation process for the extraction of MORB melts, which is consistent with near-fractional melting (Asimow et al., 1997) , the δ 49 Ti difference of the melting residues or the partial melts relative to their sources, hereafter referred respectively as Δ 49 Ti residue−source and Δ 49 Ti melt−source , should follow: 
where f is the remaining Ti fraction in the melting residues and α melt crystal The remaining Ti fraction in the melting residues can be simply modelled by a fractional melting process: (Fig. 1) .
The lack of significant Ti isotopic fractionation between crystal and melt during mantle melting raises a question about the origin of the Ti isotopic difference between the depleted and primitive mantle reservoirs (Δ 49 Ti depleted−primitive = −0.034 ± 0.011 ‰; Fig. 2 ). Based on its average TiO 2 content (≈ 0.119 wt. %), the DMM would be at a maximum 50 % depleted in Ti relative to the primitive mantle (≈ 0.217 wt. %) (McDonough and Sun, 1995; Workman and Hart, 2005) . α melt crystal value during partial melting of the mantle peridotites (Fig. 3) . Thus, another mechanism is required to explain the Ti isotopic difference between the depleted and primitive mantle reservoirs.
Recycling of Melting Residues from the Generation of the Continental Crust into the Late Archean Mantle.
In contrast with the lack of melt−crystal Ti isotopic fractionation during partial melting of the peridotitic mantle, magma differentiation in the crust produces significant Ti isotopic variations ( Fig. 2; Millet et al., 2016; Greber et al., 2017a,b) . Significant volumes of felsic plutonic rocks, i.e. TTGs, have been generated in the late Archean (Martin, 1986) . Contemporaneously, the δ 49 Ti value of the mantle is observed to have changed, as indicated by komatiities. These TTGs likely originate from partial melting of protoliths of basaltic compositions (Martin et al., 2014) . Since Ti-rich minerals are stable under crustal temperatures and pressures, Ti acts as a compatible element during melt-crystal fractionation in the crust, e.g., D Ti ≈ 3.2-3.3 (Martin et al., 2014) . The generation of TTG-like melts would then extract only ≈ 10 % of Ti from the sources, using F = 0.20-0.30 and D Ti = 3.2-3.3 in Equation 4. The 2.98 Ga TTGs from Kaapvaal Craton have been shown to be significantly heavier in Ti isotopes than mantle-derived rocks (δ 49 Ti = +0.361 ± 0.088 ‰, 2 se, n = 10; Greber et al., 2017b) . Assuming a source with an E-MORB-like isotopic composition, these TTGs indicate a Δ 49 Ti melt−source ≈ +0.326 ± 0.088 ‰, corresponding to a Δ 49 Ti residue−source ≈ −0.036 ± 0.010 ‰ and a 10 3 4 9 47
α melt crystal ≈ +0.344 ± 0.093 ‰ when using f = 0.9 in Equations 1 and 2 (Fig. 3) .
The much larger Ti isotopic fractionation produced during partial melting of crust, compared to partial melting of peridotites, likely arises from the facts that: (i) melt-crystal segregation in the crust occurs at lower temperatures (< 1273 K) than that of the normal decompression melting of the mantle (≥ 1673 K) (Martin et al., 2014) , and (ii) Ti is more IVand V-fold coordinated in silicic melts than in mafic melts (Farges et al., 1996) . These thermal and structural differences significantly increase 10 3 4 9 47
α melt crystal during the genesis of TTG-like melts. As a consequence, the residues (cumulates or restites) would be enriched in the lighter Ti isotopes with a Δ 49 Ti residue−source ≈ −0.036 ± 0.010 ‰. Thus, the lighter Ti isotopic compositions of the DMM relative to the primitive mantle reservoirs could be due to mantle recycling of the residues from the generation of the late Archean felsic continental crust. To produce a δ 49 Ti difference of 0.034 ‰ between E-MORBs and N-MORBs, an addition of ≥ 3 % shale-like sediments (TiO 2 ≈ 0.64 wt. % and δ 49 Ti ≈ +0.18 ‰; Greber et al., 2017b) (Workman and Hart, 2005) . Therefore, we consider that E-MORBs are derived from a less depleted mantle reservoir that has not been subjected to crustal residue recycling rather than the one contaminated by recycled sediments. require that, during middle to late Archean, basaltic crust having the Ti isotopic composition of the mantle was (i) continuously extracted, and (ii) re-melted to produce a felsic continental crust, with the residues from this process being mixed into the upper mantle (Fig. 3b) . The delivery of melting residues from the crust into the mantle can be achieved by either slab subduction (Martin, 1986) or lower crustal recycling (Rudnick, 1995) . If the late Archean depleted mantle contained 20 % by mass of the bulk silicate Earth (BSE) (McCulloch and Bennett, 1994) , the Ti isotope variations in the mantle would be produced by the extraction of a felsic continental crust constituting ≈ 0.38-0.56 % mass of the BSE during 3.5-2.7 Ga. Future Ti isotopic studies of komatiites and basalts covering the full age range of 3.5-2.7 Ga may be useful to test whether the continental extraction was continuous or abrupt. In the Archean, the hot convective mantle could homogenise the recycled melting residues into the ambient mantle. However, this mechanism should stop operating after the Archean, since the DMM was formed in the late Archean and has been stable in the upper mantle till the present day (Fig. 2) . As the felsic continental crust continued to grow after the Archean (Dhuime et al., 2015) , additional Ti isotope heterogeneities may exist in the mantle due to the recycling of ultramafic or mafic residues from the crust, which may be later sampled by intraplate magmas. Overall, the Earth's change across the Archean-Proterozoic boundary may be due to the decrease in the thermal gradient of the mantle (Korenaga, 2013) , likely signifying the prevalence of plate tectonics (Dhuime et al., 2015; Tang et al., 2016) .
